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EXECUTIVE SUMMARY

Problems and Objectives:  Environmental and health hazards posed by soil contamination resulting
from underground fuel tank leakage and spillage at U.S. Air Force bases have created a need for cost-
effective methods of removing volatile and combustible compounds from subterranean soil.  Following
removal of as much liquid-state contaminant as possible from a site, the next step in the clean-up
process is further removal of contaminant in gaseous form as it evaporates from the saturated soil.
One method employed is to bore a well, insert a pipe into the contaminated soil and route the vapors
into the intake of a running engine for combustion.

Current engines used for this task are spark-ignited automotive models using propane or natural gas as
supplemental fuel during startup and lean vapor conditions.  The purpose of this project is to investi-
gate whether a compression-ignition (CI) diesel engine could perform the same function, perhaps
increasing efficiency, durability and reliability.

Importance of Project:  Continuous operation of an engine for this purpose can result in significant
maintenance cost over time.  The inherently sturdier design of compression-ignition engines predicts
greater durability and a longer life cycle between rebuilds.  Other important advantages that a CI
engine may offer in this application are the capability to operate at leaner air-fuel ratios and the ability
to use readily available JP-8 as a supplemental fuel instead of bottled gases.  Using a liquid fuel could
also reduce the requirement for refueling, since a larger tank could be used, thereby reducing the
associated labor costs.

Technical Approach:  A small diesel engine obtained from Air Force surplus inventory was equipped
for operation as a pre-mixed vapor dual-fuel test platform.  Propane, butane and pentane in various
concentrations were used as surrogate gases to simulate fuel vapors found in a typical well site.  The
engine was operated at various steady state speed and load conditions while the gas to air ratio in the
intake air stream was incrementally increased.  At each test point, the cylinder pressure was monitored
for indications of potentially damaging knock, and parameters such as fuel and air consumption rates
and engine temperatures were recorded.

Accomplishments:  Data was acquired at a wide range of engine speed and load conditions, using
different concentrations of the hydrocarbon gases, to investigate and describe how the engine will
operate in actual use at a well site.  Further testing examined how the engine would operate with the
intake throttled, to simulate the pumping work required to extract the gases from a well.  The operating
conditions were defined, in preparation for a field test in the following project phase.

Military Impact:  The results of this limited study show promise for the possibility of using diesel
engines in the task of removing and destroying fuel vapors from underground contamination sites.  If
the concept ultimately proves practicable through further investigation, it could potentially increase the
effectiveness and reliability of engine-based ground vapor removal systems while simultaneously re-
ducing the maintenance costs associated with them.
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1.0 BACKGROUND

Over a period of many years, leakage from underground fuel storage tanks and other

sources has contaminated the ground soil sites at many US Air Force bases worldwide.

The common technique used for cleanup at these locations is to drill into the

contaminated soil and extract as much liquid waste as possible.  Following removal of the

majority of the liquid fuel, the remainder is extracted in vapor form with the aid of an

internal combustion engine adapted to burn the vapors as fuel.  The extraction unit

currently in use has a spark-ignited (SI) automobile engine that serves as both a vapor

“pump” and a means of vapor destruction, with propane or natural gas serving as a

supplemental fuel during startup and lean conditions.

In order to obtain increased efficiency, durability and reliability in these engine-based

extraction units, the Air Force has contracted Southwest Research Institute (SwRI) to

investigate the feasibility of using compression-ignition (CI) engines in place of the SI

automobile engines now employed.  An engine utilized in this role would operate

similarly to a dual-fuel natural gas/diesel unit, using distillate fuel as a pilot to ignite the

extracted gas charge.

2.0 OBJECTIVES

The initial phase of testing demonstrated that the basic concept of burning pre-mixed

gaseous fuel vapors in a diesel engine using liquid fuel as an ignition pilot is indeed

feasible.  It has been shown that the combustion of a gaseous fuel increases as engine

load increases.  It was found that under significant loading conditions, the pilot fuel

amount can be reduced to approximately 20% of the total fuel requirement, assuming the

fuel vapors are of high enough concentration to sustain engine operation.

For reasons of practicality and availability, first phase testing used propane gas as a

surrogate to simulate well vapors.  With the knowledge gained from that testing, the
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second project year seeks to develop the concept using gases that more closely

approximate the molecular weight and composition of typical well vapors.

Work performed in Phase II incorporates the following additional items to further

determine concept feasibility:

•  Measurement of engine load at test points to better facilitate duplication of laboratory

conditions in future field experiments.

•  Exhaust emissions analysis, including evaluation of hydrocarbons, smoke, CO and

CO2 concentrations.

•  Mapping of quantitative gas consumption rates and efficiencies.

•  A throttling experiment to examine the effects of engine intake air restriction, as

would be seen when installed at a well site.

3.0 EXPERIMENTAL APPROACH

3.1 Setup Modifications

In order to determine the load applied to the engine during testing, a novel torque-sensing

instrument was installed in the coupling between the engine and the roots blower.

Figure 1 below shows the coupling that was on the cabin pressurization unit when

received at SwRI.  Figure 2 below shows the torque-sensing coupling installed in its

place.  Comparing the two views reveals that it was necessary to remount the blower

farther from the engine in order to accommodate the additional equipment.  Installation of

the instrument included design and fabrication of flanges to mate to the flywheel and

blower, careful shaft alignment of the components, and integration into the cell's data

acquisition system.
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Figure 1.  Original Coupling
(top view)

Figure 2.  Torque-Sensing Coupling
(side view)

The device is an HBM T10F Flange Torque Sensor.  It uses shear stress to measure

torque instead of torsional stress.  The measurement signal telemetry and the coupling of

excitation voltage are carried out inductively via antenna segments that enclose the flange

in a ring shape.  This makes the instrument compact, and the lack of physical contact

allows it to provide very high accuracy.

Figure 3 shows another view of the coupling.  In Figure 3, the Roots blower is in the

foreground and the flywheel end of the Hatz engine is in the background.  The device

closest to the flywheel is the torque sensor.  The middle portion, out to the maroon-

colored ring, rotates within the silver-colored stator.  The enclosure below the stator

houses the excitation and sensing parts of the instrument.  A rod extends from the blower

housing to the top of the stator ring, to stabilize the structure (thus the signal) during

operation.  A coupling to absorb torsional vibrations is in place on the shaft between the

torque sensor and the blower.
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Figure 3.  Detail of Torque Sensor

Lacking this torque sensor, the initial testing was performed by setting blower pressures

to obtain different levels of load.  "Light" load used a setting of 2 psig, "Intermediate"

load used 8 psig, and "Heavy" load used 11 psig.  To compare these load levels with data

taken later, a load curve was measured, correlating blower pressure with engine torque.

Figure 4 is a plot of this data.  All data was acquired at 2000 rpm.
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Figure 4.  Blower Outlet Pressure correlated to Engine Torque

In order to counteract the low vapor pressure of pentane

gas at ambient conditions, a simple water-immersion

bottle heater was constructed and installed.  This is

necessary to provide sufficient in-cylinder vapor

pressure to achieve gas flow rates that will allow the

desired ratios of gas to liquid fuel to be attained.  The

pentane tank in the immersion heater is shown in

Figure 5.  The temperature control for the electric heater

is visible at the lower-left of the tank.

For this same purpose, piping carrying the gaseous fuel

was wrapped with insulation.  Heating wraps were

installed on some lines.

Figure 5.  Immersion Heater
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The air pressure regulating system of the cabin pressurization unit was removed and

replaced with a manually controlled butterfly valve to simplify operation.  Controls for

engine throttle, gas flow and blower backpressure were relocated to the operator console.

Emissions measuring equipment was installed in the test cell to measure exhaust

concentration of hydrocarbons at each test point and condition, as well as hydrocarbon

content in the inlet air stream — with or without added gaseous fuel.

3.2 Testing Procedures

Similar to the procedure followed in Phase I, tests were conducted according to a matrix

involving variations in engine speed, engine load and pilot fuel percentage to map

characteristics at steady-state operating conditions.  Performance measurements include

a range of pertinent temperatures, pressures, flow rates and engine operating parameters,

as well as emissions as previously described.

The testing commenced using propane [C3H8] as the surrogate well vapor to establish

baseline performance parameters.  This strategy was employed because it was anticipated

that the lighter hydrocarbons would present the greatest challenge to the feasibility of the

concept.  The high octane rating, therefore low cetane rating, of the propane was

expected to be a problem for a diesel engine.  The testing did indicate some limitations on

safe engine conditions, but overall proved that the use of a diesel engine for vapor

destruction was feasible.  Following successful completion of  testing using propane, the

test matrix was repeated with butane [C4H10] gas, then with pentane [C5H12] gas.

Progressing by steps higher in carbon number was to provide an indication of how a

heavier molecular weight gas affects the combustion characteristics of the engine.

The carbon content of pentane is representative of the majority of hydrocarbons found in

the vapor sample extracted at Kelley AFB, and results obtained with pentane should be a

good indicator of prospective performance at a well site.  Pentane will provide the closest

approximation of actual well vapors for laboratory testing.
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The engine was tested at four load levels, at 2000 rpm under all conditions.  At each load

level, data acquisition commenced without gaseous fuel.  Gaseous fuel was then

introduced, and the JP-8 fuel flow rate correspondingly reduced, until a desired

proportional mixture was achieved, at the previously set engine speed and load.  Data was

acquired, then the procedure was repeated to further reduce the JP-8 fuel proportion of

the total fuel.  This procedure was repeated until the JP-8 fuel was only 10% of the total,

or until misfire, knock or other combustion problem occurred.  Finally, the gaseous fuel

was shut off and the JP-8 flow returned to the original rate to repeat the initial condition,

to ensure that nothing had changed during testing.

With all data acquired for a given load level, this procedure was repeated for the next-

higher load until all conditions had been tested.  This matrix is summarized in Table 1:

Table 1.  Test Conditions

Designation Engine Speed Engine Load JP-8 % of Total
1A1 2000 rpm 60 ft·lbf 100 %
1B 2000 rpm 60 ft·lbf 80 %
1C 2000 rpm 60 ft·lbf 60 %
1D 2000 rpm 60 ft·lbf 40 %
1E 2000 rpm 60 ft·lbf 20 %
1F 2000 rpm 60 ft·lbf 10 %

1A2 2000 rpm 60 ft·lbf 100 %
2A1 2000 rpm 80 ft·lbf 100 %
2B 2000 rpm 80 ft·lbf 80 %
2C 2000 rpm 80 ft·lbf 60 %
2D 2000 rpm 80 ft·lbf 40 %
2E 2000 rpm 80 ft·lbf 20 %
2F 2000 rpm 80 ft·lbf 10 %

2A2 2000 rpm 80 ft·lbf 100 %
3A1 2000 rpm 100 ft·lbf 100 %
3B 2000 rpm 100 ft·lbf 80 %
3C 2000 rpm 100 ft·lbf 60 %
3D 2000 rpm 100 ft·lbf 40 %
3E 2000 rpm 100 ft·lbf 20 %
3F 2000 rpm 100 ft·lbf 10 %

3A2 2000 rpm 100 ft·lbf 100 %
4A1 2000 rpm 120 ft·lbf 100 %
4B 2000 rpm 120 ft·lbf 80 %
4C 2000 rpm 120 ft·lbf 60 %
4D 2000 rpm 120 ft·lbf 40 %
4E 2000 rpm 120 ft·lbf 20 %
4F 2000 rpm 120 ft·lbf 10 %

4A2 2000 rpm 120 ft·lbf 100 %
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3.3 Problems Encountered

A malfunctioning fuel shutoff solenoid on the Hatz engine had to be corrected.  The

solenoid prevented the engine from starting for more than a few seconds at a time.  A

solution was found to circumvent the problem and allow the engine to run normally, but

only after approximately a week of investigation and repair.

Utilization of pentane as a surrogate test gas proved to be a challenge.  During testing, an

error in dispenser configuration resulted in liquid pentane being introduced into the

engine air stream.  The surge in available energy caused a very rapid rise in engine speed

and cylinder pressure along with likely detonation that destroyed the cylinder pressure

transducer.  Upon receiving the properly packaged pentane, and installation of another

transducer, another attempt was made at running the test matrix.  During execution of the

test, another problem was encountered with pentane condensing in the supply lines,

resulting in a second surge event and a second transducer failure.  Following removal of

an in-line pressure regulator that was contributing to the condensation problem, and the

installation of additional heat tapes, the condensation problem was solved.  Testing was

then resumed, with the full test matrix being completed on pentane fuel.

Upon start of the engine for the next test session, a pronounced audible knock was

detected.  Investigation and disassembly showed that the piston and bore of cylinder 1

were damaged.  It appears that debris from one of the failed pressure transducers lodged

between the piston and cylinder wall resulting in broken rings and a damaged piston.  The

engine was repaired and a new pressure transducer was installed.

The intake piping as originally installed sloped steeply downward, and the "gas ring"

where the gaseous fuel was introduced was very close physically to the engine.  This

arrangement is shown in Figure 6 on the left below.

Figure 7 on the right shows the new arrangement of the piping. In order to prevent

recurrence of this problem, the air intake piping was reconfigured to prevent liquid fuel,
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even if it does reach the intake piping, from entering the engine.  Bright green lines have

been added to the picture to indicate the position of the pipes in places where they are

concealed behind the engine or other equipment.  Note that the gas ring is now much

farther from the engine, and lower than before.  Should liquid fuel ever again reach the

intake air stream, it would have to flow uphill through nearly two meters of piping, while

being evaporated by the inlet air flow, before reaching the engine.  The focus will remain

on preventing liquid fuel from being introduced at all, but this added safeguard should

prevent further engine damage.

Figure 6.  Original Setup Figure 7.  Revised Intake Piping
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4.0 RESULTS

A complete set of tabulated test data is attached as Appendix A.  A summary of the

pertinent test data for discussion is shown in Table 2.  All of this data was acquired using

pentane as the gaseous fuel, at an engine speed of 2000 rpm.  The shaded rows in Table 2

indicate the test condition for each torque setting which used the highest proportion of

gaseous fuel without evidencing audible knock.

As previously noted, the pentane used in these experiments as a well gas surrogate most

closely approximates the sample collected at Kelly AFB.  As this data is therefore

expected to most closely predict the operation of the unit in actual use at a well site, this

analysis will discuss only the results obtained using pentane.

4.1 Upper Limit of Gaseous Fuel Ingestion

The first effect visible in these data is an apparent limit of the gaseous fuel flow rate

without inviting knock.  In all but the lowest-load data (60 ft·lbf), more than 7 lbm/hr of

pentane invited knock.  This exception likely resulted from the lower cylinder

temperatures associated with the lower engine load.  It should be noted that this inference

depends on perceptible monitoring for knock as the cylinder pressure instrumentation

was inoperative.
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Table 2.  Vapor Destruction Data Using Pentane

Test
Desig.

Engine
Power Torque

Air Flow LFE
Dry

JP-8 Fuel
Flow

Gaseous Fuel
Flow

Total Fuel
Flow

Air / JP-8
Ratio

Air / Gaseous
Fuel Ratio

Air / Total
Fuel Ratio BSFC Exhaust HC Intake HC

HC
Reduction

- bhp ft·lbf lbm/hr lbm/hr lbm/hr lbm/hr lbm/bhp·hr ppm ppm %

1A1 23.2 61.0 391.69 10.017 0 10.02 39.10 - 39.10 0.431 638 4

1B 23.2 60.9 388.01 7.893 2.048 9.94 49.16 189.5 39.03 0.428 1591 11194 85.8

1C 23.1 60.8 387.58 6.083 4.033 10.12 63.71 96.1 38.31 0.437 2296 20365 88.7

1B2 23.3 61.1 389.00 8.024 1.938 9.96 48.48 200.8 39.05 0.427 1702 10723 84.1

1D 23.3 61.1 386.38 4.099 6.139 10.24 94.25 62.9 37.74 0.440 2660 30072 91.2

1E 23.1 60.5 383.89 1.825 7.821 9.65 210.30 49.1 39.80 0.418 2751 37461 92.7

1A2 23.2 60.8 387.79 9.982 0 9.98 38.85 - 38.85 0.431 697 5

2A1 30.6 80.3 385.01 12.181 0 12.18 31.61 - 31.61 0.398 668 2

2B 30.5 80.0 383.12 9.531 2.394 11.93 40.20 160.0 32.13 0.391 1471 12918 88.6

2C 30.2 79.5 380.98 7.136 4.717 11.85 53.39 80.8 32.14 0.392 1913 24038 92.0

2D 30.6 80.1 379.51 4.791 7.062 11.85 79.21 53.7 32.02 0.388 2335 35343 93.4

2E 29.6 77.7 345.46 3.259 11.520 14.78 106.01 30.0 23.37 0.499 1117 56357 98.0

2A2 30.7 80.4 378.67 12.316 0 12.32 30.75 - 30.75 0.402 678 3

3A1 38.5 100.9 376.86 15.024 0 15.02 25.08 - 25.08 0.391 667 2

3B 38.1 99.8 375.17 11.350 2.920 14.27 33.06 128.5 26.29 0.375 1402 17297 91.9

3C 39.0 102.3 372.56 8.919 5.763 14.68 41.77 64.7 25.38 0.376 1566 30193 94.8

3D 37.9 99.3 350.89 6.548 9.668 16.22 53.59 36.3 21.64 0.428 668 51027 98.7

3C+ 38.5 100.9 363.03 7.011 7.556 14.57 51.78 48.1 24.92 0.379 1036 39954 97.4

3A2 39.0 102.4 371.59 15.301 0 15.30 24.28 - 24.28 0.392 785 1

4A1 45.6 119.6 371.07 17.948 0 17.95 20.67 - 20.67 0.393 501 1

4B 45.8 120.0 370.28 13.203 3.637 16.84 28.05 101.8 21.99 0.368 1330 20670 93.6

4C 45.9 120.4 360.46 10.250 7.568 17.82 35.17 47.6 20.23 0.389 1051 40139 97.4

4A2 47.2 123.7 355.05 19.817 0 19.82 17.92 - 17.92 0.420 492 397
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4.2 Destruction Efficiency

For this discussion, "destruction efficiency" is defined as the percentage of the inducted

hydrocarbons that are destroyed during combustion.  For each condition, the

concentration of hydrocarbons is measured in the intake and exhaust gases, and compared

to a reference measurement with no inducted hydrocarbons:

100%x
HCIntake

))(referenceHCExhaust(measured)HC(ExhaustHCIntake
efficiencyndestructio

−−
=

To examine the effect of engine load on hydrocarbon destruction efficiency given a

certain concentration of gaseous fuel available, Figure 8 presents the destruction

efficiency data acquired relative to the gaseous fuel flow rate for the four engine load

ranges tested.  Predictably, the proportion of hydrocarbons in the inlet air stream burned

increases with increasing engine load.  The useable range is limited by engine knock,

which starts to occur in the light blue region indicated.  The region is bounded at the

lower-left by points where no knock occurred, and at the top by points where knock was

detected.  No destruction efficiency targets have been identified, but the figure outlines

possible operational regions.
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Figure 8.  HC Destruction Efficiency by Load Applied
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4.3 Fuel Required

The cost of the higher engine load required to realize the higher destruction efficiency for

a given intake concentration of gaseous fuel is increased use of added liquid fuel.  Figure

9 quantifies the distillate fuel flow rates required for these same conditions.  The dashed

lines on Figures 8 and 9 indicate that, with 4 lbm/hr of gaseous fuel entering the engine,

increasing the destruction efficiency from 88.7% to 93.0%, a 4.9% improvement,

demands a 70.5% increase in added liquid fuel, from 6.1 lbm/hr to 10.4 lbm/hr.  Similarly,

with 8 lbm/hr of gaseous fuel entering the engine, increasing the destruction efficiency

from 92.8% to 97.7%, a 5.2% improvement, demands a 337% increase in added liquid

fuel, from 1.6 lbm/hr to 6.9 lbm/hr.
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Figure 9.  Additional Liquid Fuel Required for Destruction Efficiency

4.4 Throttled Operation

In order to characterize the operation of the engine under the high intake vacuum

conditions required to produce well suction, a series of test data was acquired with the

engine intake throttled.  A manually-operated butterfly valve was added to the intake
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tract, downstream of the "gas ring" so that the throttled flow would be a mixture of intake

air and gaseous fuel.

Figure 10 is a plot of some of these data, showing the effect on mass air flow of various

intake manifold pressure conditions.  The tightly-clustered blue lines indicate that the gas

concentration of the intake air flow has little effect on the total mass flow at 1550 rpm.

The effect is repeated for the testing at 2000 rpm.  Another effect shown in the data is

that the air flow is a strong function of engine speed.  Predictably, for comparable engine

vacuum conditions, the 1/3 increase in speed from 1550 rpm to 2000 rpm results in

approximately 1/3 more mass air flow.  Both sets of lines, if extrapolated to reach the

point at which air flow reaches zero, would do so at approximately 50 kPaa.  This

indicates the engine would cease to operate, for lack of air, at a vacuum of less than 50

kPaa.  In fact, the points at the lower-right ends of the curves shown are those at which

the engine approached a condition where it would begin to misfire, lacking sufficient air

for good combustion.  Finally, the one line of data shown at a higher load verifies that

engine load has no effect on intake air flow for a given set of intake conditions.

Air Flow vs Manifold Pressure

100

150

200

250

300

350

400

450

67 71 75 79 83 87 91 95 99
Absolute Manifold Pressure [kPaa]

A
ir 

Fl
ow

 [l
b

m
/h

r]

1550 rpm, 60 ft·lb, no gas
1550 rpm, 60 ft·lb, 15 ppt gas
1550 rpm, 60 ft·lb, 30 ppt gas
1550 rpm, 120 ft·lb, 15 ppt gas
2000 rpm, 60 ft·lb, no gas
2000 rpm, 60 ft·lb, 15 ppt gas

Figure 10.  Air Flow vs. Intake Manifold Pressure, Engine Throttled
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Destruction Efficiency
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Figure 11.  HC Destruction Efficiency vs. Intake Manifold Pressure

A number of engine characteristics that might have become problematic with reduced air

flow were monitored, but none in fact reached unacceptable conditions.  Temperatures of

exhaust, cooling air and oil all stayed within acceptable limits, given that the engine

inducted sufficient air for good combustion.  Even good hydrocarbon destruction

efficiency was maintained, as shown in Figure 11, though it did start to fall off  as

manifold vacuum increased.

The result of the testing is simply that the engine will continue to operate, and will

continue to destroy inducted hydrocarbons, so long as the engine has sufficient air — and

the air contains sufficient oxygen — for good combustion.  If enough oxygen can not be

extracted from the well, outside air must be added to the intake stream, thereby reducing

the flow from the well.
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5.0 CONCLUSIONS

First and foremost, the diesel engine system is capable of performing the hydrocarbon

vapor destruction task.  Its success with a variety of hydrocarbon gases bodes well for the

unknown conditions it will encounter at various well sites.

The system does have some characteristics that will limit its operation in actual use.  The

engine must have sufficient oxygen for good combustion.  If the well gas hydrocarbon

concentration is too high, its flow must be limited to the point that some liquid fuel is still

needed by the engine.  Finally, if high destruction efficiency is desired, additional fuel

will be required.

The engine damage that occurred in the test cell resulted from conditions unlikely to be

experienced at a field test site.  Proper configuration of the engine system, and possibly

some adsorption system or dryer, should avoid a recurrence of the problem.

6.0 RECOMMENDATIONS

Having proved the concept under laboratory conditions, the test rig should proceed to a

field test, under appropriate conditions.  The field test site should be one in reasonable

proximity to Southwest Research, with a well or wells of known concentration and

composition.  The field test should last long enough to quantify vapor destruction and

fuel use, and to experience any conditions that will have to be dealt with at field sites.

At sites where it is needed, an adsorption device should be prepared or purchased and

added to the engine system.  The adsorber should mitigate large peaks in hydrocarbon

concentration from dense wells, and remove excess water from the intake stream.

The project should consider using a different engine for this purpose.  Much of the

hydrocarbons in the exhaust is created by incomplete combustion of the added liquid fuel.

In short, the engine technology is old, making the engine's exhaust unnecessarily dirty.
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An engine with electronically-controlled unit injectors with emit an order of magnitude

less hydrocarbons and will be more fuel-efficient.

An exhaust catalyst, likely a diesel oxidation catalyst, could be added to the device,

further reducing exhaust hydrocarbons by 90-98%.

A device other than an air compressor would offer the opportunity to harness the energy

created by the engine system for useful work.  If a diesel-driven electrical generator were

employed, the electricity generated could be used, for instance, to pump the gases out of

the ground; to blow air, perhaps heated air, into the ground to accelerate recovery; or to

operate some sort of catalytic aftertreatment.  Any remaining available electrical energy

could be fed to a local power grid, or used for constructive purposes in the vicinity of the

well.
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APPENDIX A

RAW DATA












